INTRODUCTION
Meiosis produces four haploid cells from a diploid premeiotic cell. This is achieved by coupling one round of premeiotic DNA replication with two rounds of chromosome segregation. Proper segregation of homologous chromosomes in the first (reductional) meiotic division requires that the paired homologs be held together and aligned on the metaphase plate of meiosis I (1). In most organisms, a combination of crossover recombination structures (chiasmata) and sister chromatid cohesion distal to chiasmata provide this glue. Dissolution of distal cohesion allows homologs to segregate from one-another in anaphase I (2, 3) . Centromere-proximal cohesion holds sister chromatids together on the metaphase plate of meiosis II. Dissolution of proximal cohesion permits sisters to segregate from one another in anaphase II (3, 4) .
In fission yeast, rec12 (spo11) mutants entirely lack meiotic recombination and suffer nondisjunction of homologous chromosomes in meiosis I (5, 6) . rec8 mutants lack normal meiotic sister chromatid cohesion and suffer precocious separation of sister chromatids in meiosis I and random segregation of sisters in meiosis II (7) (8) (9) (10) . Nevertheless, $20-50% of the spores produced by these mutants are viable, whereas in most other organisms (e.g. budding yeast) rec8 and rec12 (spo11) mutants exhibit a meiotic-lethal phenotype (11) (12) (13) .
For mutations affecting meiotic chromosome segregation, the probability of obtaining viable meiotic products is inversely proportional to the power of chromosome number. Because fission yeast has only three pairs of chromosomes, aberrant or random chromosome assortment can produce, by chance, a significant fraction of spores that receive at least one copy of each chromosome and that are, consequently, viable. Viable aneuploids, such as diploid spores or spores trisomic for chromosome III, are also produced (6, 8, 9, 14) . Fission yeast therefore provides an excellent system to screen for mutations affecting meiotic chromosome dynamics.
In the presence of homology within the genome, linear DNA transformed into Schizosaccharomyces pombe can integrate either by homologous recombination with the target locus or by nonhomologous recombination elsewhere in the genome (15, 16) . In the absence of a homologous target, stable transformants arise exclusively by nonhomologous integration. This provides a method for insertional mutagenesis and, by screening physically or genetically for the transformed DNA, facilitates the subsequent identification of the sites of integration within the genome (17, 18) .
The goal of this study was to test the feasibility of a novel genetic screen to identify genes required for faithful meiotic chromosome dynamics. Mutagenesis employed nonhomologous integration of a dominant, selectable marker gene (ura4 + ). We directly screened $1000 stable transformant colonies for an initial phenotype of producing a high frequency of aneuploid meiotic products. Candidates passing the primary screen were subjected to a secondary, cytological screen for aberrant chromosome segregation. This identified five loci (scm1-scm5) that are required for proper segregation of chromosomes in meiosis (scm).
MATERIALS AND METHODS

Schizosaccharomyces pombe culture
The genotypes of the S.pombe strains used are listed in Table 1 and genetic methods were as described elsewhere (9, 19) . Rich yeast-extract liquid (YEL) and yeast-extract agar (YEA), sporulation liquid (SPL) and sporulation liquid agar (SPA), and minimal nitrogen base liquid (NBL) and nitrogen base agar (NBA) were as described elsewhere (19, 20) . YEA-B was YEA containing 2.5 mg/ml of Phloxin-B (Sigma, St Louis, MO) and 100 mg/ml of adenine. On Phloxin-B-containing plates, haploid cells produce light pink colonies whereas diploid cells produce dark pink colonies. Media were supplemented with required amino acids and uracil at 100 mg/ml and 5 0 -FOA (American Bioorganics, Niagara Falls, NY) at 1 mg/ml, as necessary. Meiotic efficiencies and recombinant frequencies were determined as described previously (21) .
Transformation
Transformations contained 1 · 10 8 cells, 1 mg of linear ura4 + DNA (see below) and, where indicated, 50 mg of sheared, denatured salmon sperm DNA. Lithium acetate transformation was as described elsewhere (22) using lithium acetate solutions at pH 4.9 or 7.5. Electroporation was as described elsewhere (23,24) using microcuvettes and (Bio-Rad, Hercules, CA) electroporator settings of 1.5 kV, 200 V, 25 mF. Transformation mixtures were plated on NBA supplemented with histidine and arginine and incubated for 3-4 days at 32 C.
Assay for stable transformation
Individual Ura + transformants were streak-purified serially one time with selection (NBA lacking Uracil) and 3-5 times on nonselective media. They were then either streaked directly onto YEA containing 5 0 -FOA or patched onto YEA and replica plated onto YEA-FOA. Positive control (ura4 + ) and stable transformants yielded few (<10 À4 ) FOA r colonies; negative control (ura4-D18) and unstable transformants produced many FOA r colonies.
Preparation of genomic DNA
Cells were grown in 10 ml of YEL to a density of 1 · 10 7 cells/ml and were harvested by centrifugation. Cell pellets were resuspended in 0.5 ml of disruption buffer (10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 1% SDS, 2% Triton X-100) and were placed in screw-cap tubes containing 0.65 ml of acidwashed glass beads (0.5 mm in diameter) and 0.5 ml of phenol. Cells were disrupted by beating for 1 min at medium speed in a Beadbeater 8 (Biospec Products, Bartlesville, OK). The aqueous phases were subjected to sequential extraction two times each with equal volumes of phenol, phenol-chloroform and choloroform, and nucleic acids were recovered by ethanol precipitation. Pellets were dissolved in 50 ml of TE (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) containing 100 mg/ml of RNase A. Typical yields were >1 mg of DNA per ml of culture with DNA fragment sizes in the range of 7-15 kbp.
PCR, inverse-PCR and real-time quantitative PCR
The ura4 + primer sequences for PCR are listed in Table 2 . Standard reactions (25) using primers ura4-PR3 and ura4-PR4 were used to amplify a 1663 bp fragment from pURA4 template (15) . Products were purified by serial extraction with phenol, phenol-chloroform and chloroform; they were recovered by ethanol precipitation and were dissolved in TE at a final concentration of 1 mg/ml. Ligation-mediated, inverse-PCR reactions were essentially as described elsewhere (26) . Genomic DNA samples (1 mg) were digested to completion with one of three restriction enzymes (HaeII, HpaII or EcoR1), were recovered by extraction and ethanol precipitation, and were resuspended in TE. Samples were treated with T4 DNA ligase according to the instructions of the manufacturer (Promega, Madison, WI) at a DNA concentration of 1 mg/ml to favor intramolecular ligation. Samples were heated to 65 C for 15 min to inactivate the DNA ligase. Inverse-PCR reactions were in 25 ml and contained 5 ng DNA template, 5 pM primers (ura4-PR7/8, À11/8, or À9/8), and 0.2 mM dNTPs. DNA was denatured at 94 C for 5 min and subjected to 25 cycles of PCR amplification (94 C for 30 sec, 55 C for 1 min, 72 C for 1 min). Products were analyzed on ethidium bromide-stained 1.5% agarose gels. For subsequent analyses, bands of interest were cut out of the gels and DNA was recovered using a QIAquick gel extraction kit (Qiagen, Valencia, CA).
To determine ura4 + copy number, genomic DNA was subjected to real-time, quantitative PCR using TaqMan technology and an Applied Biosystems Inc. PRISM 7700 fluorometric thermal cycler using established methods (27) . Primers and probes were designed using the Primer Express software (version 1.5; Applied Biosystems, Foster City, CA). The gene names, forward and reverse primers, and TaqMan probe sequences are provided in Table 3 . For each reaction, ura4 + signal strengths were normalized to those of a singlecopy, internal control gene, cam1
+ . To facilitate comparison, the copy numbers of ura4 + transgenes are presented relative to that of a strain harboring a single copy of ura4 + at its endogenous locus.
Screen for scm mutants
The primary screen was adapted to a 96-well microtiter plate format. Individual transformant colonies ($3 mm in diameter)
were transferred with sterile toothpicks into wells containing 200 ml of supplemented SPL. Cultures were incubated for 5-7 days at 25 C to allow self-mating and sporulation. Ten microliters of a 10% solution of glusulase (NEN, Boston, MA) were added to each well and the plates were incubated at 32 C to digest any asci that were still intact. Ninety microliters of ethanol were added to each well and the plates were incubated at 22 C for 30 min to kill the remaining vegetative cells (19) . Spore suspensions were diluted by transferring 20 ml of each sample into 180 ml of H 2 O in a fresh microtiter plate. Thirty miroliters of each suspension ($250 spores) were then spotted onto YEA-B. After 3 days' incubation at 32 C, the plates were examined. Candidates that produced either an elevated frequency of diploid (dark pink) spore colonies or a low viable titer were analyzed further. They were streak-purified (with selection) and tested for stability of the Ura + phenotype as described above. Stable candidates were subjected to a secondary, cytological screen for chromosome segregation defects. Asci from meiotic cultures were fixed with 70% ethanol at À20 C for 15 min, were washed with H 2 O, and were stained with 4,6-diamidino-2-phenylindole (DAPI) at a final concentration of 1 mg/ml. Cells were examined by differential interference contrast (DIC) and fluorescence (DAPI) microscopy with a Zeiss Axiophot microscope (Carl Zeiss, Thornwood, NY). Images were analyzed using the MetaMorph software package (Universal Imaging, West Chester, PA).
RESULTS
Production of stable transformants by nonhomologous integration
The strategy for insertional mutagenesis is depicted in Figure 1 . We transformed a 1.7 kbp long, linear DNA fragment containing the S.pombe ura4 + gene into homothallic (self-mating) cells harboring a 1.8 kbp deletion of the ura4 locus (ura4-D18) (15) . Since there was no extensive homology between the ura4 + targeting fragment and sequences within the genome, and since the ura4 + fragment lacked an origin of replication and telomeres, we expected stable prototrophic Ura Practical application of insertional mutagenesis requires efficient integration of the transforming DNA into the genome, so we first examined parameters affecting both the overall frequency of transformation and the frequency of stable transformation ( Figure 1C ). These included the protocol for delivery of DNA into cells (electroporation versus two chemical methods) and the presence or absence of carrier DNA (denatured salmon sperm DNA). Because ura4 + DNA might enter some cells and transiently confer a Ura + phenotype without actually integrating into the chromosomes, we also tested whether a period of growth on nonselective medium prior to selection would increase the relative frequency of stable transformants.
Transformation by each of the protocols generated colonies which fell into two classes. Between 80 and 95% of the Ura + colonies were small and, invariably, cells from those colonies lost the Ura + phenotype upon subsequent culture in nonselective conditions. We infer that those Ura + colonies arose from 
cells that had taken up ura4 + DNA but failed to integrate the ura4 + fragment into the genome. Between 5 and 20% of the colonies were larger, ranging in size from 2 to 4 mm in diameter after 4 days of selection. Among those larger colonies, roughly half were unstable for the Ura + phenotype after subsequent culture in nonselective conditions. The remaining colonies maintained their Ura + phenotype after a period of nonselective culture, suggesting that their respective founder cells were transformed stably with ura4 + DNA. The pH 4.9 lithium acetate and electroporation methods produced the highest frequencies of transformants and the efficiency of transformation was unaffected by the presence of carrier DNA ( Figure 1C ). The relative efficiency of stable transformation was not significantly increased by an initial growth period in the absence of selection ( Figure 1C ), suggesting that the number of cell divisions before selection was inadequate to dilute out extrachromosomal ura4 + fragments. Based upon these findings, we chose to use electroporation, without carrier DNA, and direct selection for insertional mutagenesis.
Identification of mutants with aberrant chromosome segregation during meiosis
The rationale for the genetic screen ( Figure 2 ) is based on the fact that mutants of fission yeast with aberrant meiotic Figure 2 . Rationale for scm mutant screen. (A) Segregation of chromosomes in meiosis. For the sake of clarity, the behavior of a single pair of homologous chromosomes is displayed. Nondisjunction during meiosis I, precocious separation of sister chromatids (PSS) in meiosis I, and meiosis II nondisjunction can produce at least one meiotic product that receives more than one copy of the chromosome (e.g. disomic). (B) Fates of the meiotic products in S.pombe. Aneuploid spores that receive at least one copy of each chromosome, including diploids, can be viable. (C) Rationale for mutant screening. Individual transformants were screened for those that produced a reduced frequency of spore viability or an elevated frequency of diploid spore colonies after self-mating, which renders the insertional mutations homozygous and permits the identification of recessive mutations. chromosome segregation produce spores among which the frequency of viability is reduced a few-fold and the frequency of diploidy is increased markedly (8, 9) . Approximately 2000 individual, Ura + transformant colonies were inoculated into microtiter wells containing SPL. The SPL cultures were incubated at room temperature for 5-7 days. Under these conditions, the cells self-mated, passed through meiosis, and produced spores. The self-mating of each transformant rendered any ura4 + insertion loci homozygous, thereby facilitating identification of recessive mutations.
Individual spore suspensions were diluted and $250 spores from each self-mating were spotted onto rich medium containing phloxin-B (YEA-B). After incubation at 32 C for 3-4 days, the spots were examined for growth and for the production of darker-staining papillae indicative of diploid spore colonies. From this primary screen, 45 candidates were identified as having either a reduced viable spore titer or as producing an elevated frequency of aneuploid (phloxin-B-staining) spore colonies relative to those of wild-type cells.
The 45 candidates that passed the primary screen were tested for stability of the Ura + phenotype. Twenty-three of the candidates did not exhibit a stable Ura + phenotype and were set aside. The remaining 22 stable candidates were subjected to a secondary, cytological screen for meiotic chromosome segregation defects. A rec12 (spo11) meiotic recombination mutant, which is achiasmatic and exhibits meiotic chromosome segregation defects (5,6), was included as a control.
Asci were stained with the DNA-specific stain DAPI and were examined by differential interference contrast and fluorescence microscopy. The parental, wild-type control cells produced predominantly four-spored asci with equal DNA content in each of the four spores ( Figure 3 ). In contrast, the majority of the asci produced by the rec12 mutant controls had an aberrant distribution of DNA and some asci contained fewer than four spores (Figure 3 ). Of the 22 mutant candidates from the primary screen, 17 exhibited ascus phenotypes indistinguishable from that of wild-type cells. The remaining five candidates, however, produced phenotypes very similar to those of the rec12 mutant controls-the DNA distribution was clearly aberrant and some asci contained fewer than four spores (Figure 3 ). The frequencies of aberrant asci produced by those five mutants (21-68%) were similar to the frequency for rec12 mutant controls (60%) ( Figure 4A ). We conclude that each of those five transformants (T4, T8, T11, T13 and T16) harbors one or more insertions of ura4 + DNA that affect meiotic chromosome segregation.
The mutant phenotypes cosegregate with single-locus ura4 + transgenes
The homothallic mutants were auxotrophic for histidine, but prototrophic for uracil due to the ura4 + transgene(s) (h 90 ura4-D18 his3-D1 arg3-D4 anon::ura4 + ). The mutants were each crossed to heterothallic strains that were His + but Ura À (h + ura4-D18 arg3-D4 his3 + ade6-M210). Spores were plated on medium lacking histidine to select against products of homothallic self-mating. Subsequently, the segregation patterns of various markers were determined.
Crosses with the mutant T8 produced many His + spore colonies, but <0.5% of those colonies were also Ura + .
We conclude that the site of integration of the ura4 + transgene is within $0.5 cM (28) of the his3 locus on Chromosome II and that there are no additional, unlinked copies of ura4 + elsewhere in the T8 genome.
In crosses with the mutant T11, the ura4 + marker segregated independently of the his3 marker. However, only 24% of the Ura + colonies were mating type h + , suggesting that the site of integration of the ura4 + transgene is $33 cM (28) mating type locus mat1 on Chromosome II. These data suggest, but do not prove, that there is a single-locus integration of the ura4 + transgene in T11. (Two copies of the ura4 + transgene, one linked to mat1 and one unlinked to mat1, would give a similar segregation pattern.)
To determine whether or not the mutant phenotype cosegregated with a single-locus ura4 + transgene in each mutant, we examined microscopically the meiotic phenotypes of between 10 and 20 homothallic Ura + derivatives of each outcross. For each mutant, including T11, each Ura + derivative exhibited the aberrant ascus phenotype characteristic of its respective parental candidate mutant. Similarly, each Ura À segregant analyzed had a wild-type phenotype. Thus, with resolution of $5 cM, the ura4 + transgenes are linked to single-locus mutations affecting meiotic chromosome behavior. We therefore classify the mutants as scm mutants.
The linkage analyses indicated that there were at least three distinct scm genes: one linked to his3, one linked to mat1 and at least one additional gene (three mutations) unlinked to his3 or mat1. To determine whether the remaining mutations were allelic or resided in separate genes, we conducted complementation studies. Heterothallic derivatives of each scm mutant were mated to those of the other scm mutants and asci were examined for the presence or absence of the scm phenotype (Table 4) . For each intercross, full complementation was observed, demonstrating that the respective mutations are recessive and define five complementation groups. This indicates that the insertional mutagenesis had identified five separate scm genes, which we name scm1, scm2, scm3, scm4 and scm5.
The scm mutants have aberrant chromosome segregation and compromised spore viability but are proficient for meiosis and meiotic recombination All 22 stable candidates from the primary screen, including the 5 scm mutants, were tested for their ability to undergo sexual development and produce viable spores. The rec12 mutant, which is proficient for mating and meiotic progression but produces spores with reduced viability (6, 29) , was included as a control.
The five scm mutants were each as proficient for meiosis as wild-type cells ( Figure 4B ). We conclude that their mutations have little or no effect upon mating type switching, the mating pathway or meiotic progression. However, like the rec12 mutant, each of the scm mutants exhibited a modest but significant decrease in spore viability relative to wild-type cells ( Figure 4C ). The viable spore frequencies ranged from 38 to 56%, which is close to the frequency of viable spores expected (42%) following aberrant (random) segregation of three pairs of chromosomes in one of the meiotic divisions (6) .
The five scm gene products could ensure faithful chromosome segregation by affecting recombination or by affecting other processes. We therefore compared the frequencies of heteroallelic meiotic recombination in the mutants to those of rec12 null mutant and wild-type cells (Table 5 ). Four of the scm mutants (scm1-scm4) produced recombinant frequencies T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14  T15  T16  T17  T18  T19  T20  T21 T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14  T15  T16  T17  T18  T19  T20  T21  T22 * * * * T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14  T15  T16  T17  T18  T19  T20  T21  T22   0   20   40   60 80
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A scm1 scm2 scm3 scm4 scm5 ‡ ‡ Figure 4 . Meiotic phenotypes of stable transformants that passed the primary screen. Wild-type (WSP628), rec12 mutant (WSP1240) and candidate mutant transformants (T1-T22) were each scored for production of aberrant asci (A), proficiency of mating and meiosis (B) and frequency of viable spores (C). One hundred asci were scored for each histogram bar in panel 'A', data in panels 'B' and 'C' are the mean -standard deviation of data from three separate experiments. Mutant classes include those with defects in meiotic chromosome segregation (scm), those with defects in mating and/or meiotic progression (*) and those with defects in spore viability (z). Haploid strains of mating type h À (top row) and mating type h + (left column) were mixed and plated on sporulation agar to induce mating, meiosis and ascus formation. At least 100 asci from each cross were examined by DIC and DAPI microscopy as in Figure 3 to determine the frequency of asci with aberrant chromosome partitioning.
that were indistinguishable statistically from that of the wildtype cells. The recombinant frequency for mutant scm5 was significantly higher (2.5-fold) than that for wild-type cells. We conclude that the chromosome segregation defects of the mutants are not caused by deficiencies in recombination.
Although our principal goal was to identify scm mutants, some of the other mutants are worth noting. Mutants T1, T14, T15 and T18 exhibited a significant decrease in meiotic proficiency and produced a lower spore yield ( Figure 4B ). Mutants T6 and T19 were proficient for mating and meiosis ( Figure 4B ) but produced spores with significantly reduced viability ( Figure 4C ). All six of these candidates produced normal-looking asci with DNA distributions indistinguishable from those of wild-type control asci (Figures 3, 4A) . The first four mutations likely affect some feature of the mating pathway or meiotic progression, and the latter two mutations likely affect some aspect of spore viability unrelated to DNA content.
The ura4
+ transgene integrates in concatomeric arrays at a single locus in each transformant
To determine the organization of the ura4 + transgenes, genomic DNA was cleaved with a restriction endonuclease that does not cut within the ura4 + DNA fragment used for transformation. Southern blotting was performed using ura4 + DNA as the probe. In most transformants, a single hybridizing band was observed ( Figure 5 ). DNA from scm3 mutant T11 produced initially two hybridization signals ( Figure 5 ), but upon retesting a single band was produced (data not shown), indicating that the genomic DNA was not digested to completion in the first sample. Genomic DNA digested individually with each of three different restriction enzymes produced a single ura4-hybridizing band for each transformant (data not shown). We conclude that each transformant harbored a ura4 + transgene at a single locus in its genome.
Because each transformant contained a single transgenic locus, one should be able to identify the sites of integration of each ura4 + transgene by using inverse-PCR and DNA sequencing ( Figure 6A) (18, 26) . Genomic DNA samples were therefore digested with a restriction enzyme that does not cut within ura4 + , were diluted, and were treated with DNA ligase under conditions that favor intramolecular ligation. The samples were then subjected to PCR with primer pairs pointed outward from the ura4 + DNA fragment ( Figure 6A ). Inverse-PCR products were readily obtained from 19 of the 22 samples, but rather than containing DNA molecules of one length, the products contained a mixture of DNA molecules of multiple lengths ( Figure 6B ). The complex patterns were observed when DNA was digested with each of three different restriction enzymes prior to ligation and PCR; they were present when each of three different ura4 + primer pairs was used and were reproducible under various experimental conditions routinely employed to optimize the fidelity of PCR (data not shown). Thus, the complex patterns of PCR products likely stem from intrinsic complexity of the ura4 + transgene loci themselves.
Several of the PCR product band sizes suggested that the transforming ura4 + DNA fragment became concatomeric ( Figure 6B and C) . The predominant bands of $291 sbp, $398 bp and $184 bp are consistent with the presence of head-to-tail, head-to-head and tail-to-tail fusions, respectively ( Figure 6D and E) . Notably, these smaller fragments were also generated in PCR reactions using genomic DNA that had not been treated with DNA ligase and they required the presence of the ura4 + transgenes (Figure 6C ), confirming that concatomeric junctions were produced by transformation.
The Southern blot analysis employed restriction enzymes with 4 bp recognition sites that should statistically cleave within flanking DNA close to the ends of the inserted ura4 + transgenes. However, some of the hybridizing DNA fragments were significantly larger than expected for single-copy integrants ( Figure 5 ), also suggesting that the transformants harbored tandem insertions of ura4 + . We therefore used real-time, quantitative PCR (27) to determine the copy number of ura4 + relative to that of a single-copy gene, cam1 + . Transformants produced up to 22 times the amount of ura4 + signal as a control (single-copy) strain (Table 6 ), demonstrating the presence of multiple, tandem copies of ura4 + DNA at the individual transgene loci.
For about half of the mutants, Southern blot analysis ( Figure 5 ) revealed a DNA fragment of inadequate size to harbor the number of ura4 + transgenes detected by Recombination between the ade6-M26 and ade6-M210 heteroalleles was assayed by plating spores on complete minimal medium and minimal medium lacking adenine. The recombinant frequency is the titer of adenine-prototrophic spore colonies divided by the titer of viable spore colonies. Data are mean -standard deviation from three separate experiments. Table 6 for additional details.) real-time PCR (Table 6) , if each of those transgenes was fulllength. For example, the T4/scm1, T6 and T8/scm2 mutants contained as many as six copies of the internal DNA sequence from ura4
HpaII
+ , but produced hybridization signals in the 2-4 kbp range. (The ura4 + DNA fragment used for transformation was 1.7 kbp in length, so the expected minimum size for six copies of ura4 + would be $10 kbp.) Furthermore, DNA from those three mutants failed to generate PCR products using terminal outward-pointing and inward-pointing primers (data not shown). Those transformants contained multiple copies of internal ura4
+ DNA (Table 6 ), but apparently lacked primer binding sites located toward the ends of the ura4 + DNA. We infer that the individual ura4 + repeats within those three tandem arrays had each lost 275 bp or more of terminal DNA.
Variable-length resection of DNA ends prior to concatomerization was also evident in all other transformants based on two criteria. First, for the diagnostic junction fragments, many transformants produced inverse-PCR products shorter than would be generated by templates with simple head-to-tail, head-to-head and tail-to-tail fusions ( Figure 6B and C) . Second, for all transformants that produced inverse-PCR products larger than those produced by junctions, most of the products deviated in size from the expected sizes of integer-length concatomers ( Figure 6B and C) .
To further characterize the variable-length resection of DNA ends, we purified individual DNA bands from ligation inverse-PCR reactions, reamplified them by PCR, and used nested oligoncleotide primers for DNA sequence analysis. Upon DNA sequencing, each of the products yielded information from the position of the sequencing primer to a variable distance toward the end of the ura4 + DNA fragment used for transformation (data not shown). This confirmed variable-length truncation of the ends of the individual ura4 + fragments in concatomeric arrays. After that point, the DNA sequence either became degenerate or jumped to a terminal or internal position of another copy of ura4 + . This outcome, which is the expected result of concatomerization of ura4 + fragments with variably truncated ends, precluded the identification of the target genomic DNA sequences into which the ura4 + transgenes had integrated.
DISCUSSION
The goal of this study was to develop a novel type of genetic screen to identify mutations that affect meiotic chromosome dynamics. As part of that goal, we sought improved methods for insertional mutagenesis. We report that electroporation of linear ura4 + DNA into S.pombe in which the endogenous ura4 + locus has been deleted generates stable transformants ( Figure 1C ) in which the transgenes are integrated at a single locus in each transformant ( Figure 5 ). This is in good agreement with studies that used chemical transformation in the presence of carrier DNA (17, 18) .
Individual transformants were subjected to a two-step screen for phenotypes associated with missegregation of chromosomes in meiosis (Figure 2) (6,8,9 ). Self-mating was used to render mutations homozygous, thereby permitting identification of recessive mutations. The primary screen sought transformants that produced either a decreased frequency of viable spores or an elevated frequency of diploid spores. Candidates that passed the primary screen were subjected to a secondary, cytological screen for aberrant partitioning of chromosomes in meiosis.
About half of all Ura + transformants (i.e. prior to screening) were unstable for the Ura + phenotype ( Figure 1C) , presumably because the ura4 + DNA fragments did not become incorporated into the genome and were diluted out by successive rounds of cell division. Because it was not practical to test thousands of colonies for stability prior to screening for meiotic phenotypes, individual transformants were subjected to the primary screen without prior knowledge of whether the Ura + phenotype was due to extrachromosomal or intrachromosomal copies of ura4 + DNA. Candidates passing the primary screen were then tested for stability. As was the case for transformants prior to screening, about half (23 of 45) of the candidates from the primary screen were unstable transformants. This outcome was expected because the primary screen allowed analysis of many transformants, but (as such screens often do) it had an intrinsic false-positive rate. The false positives were identified, and eliminated from further consideration, by secondary screening.
Secondary screening and subsequent analysis of additional phenotypes placed the 22 stable candidates from the primary screen into four classes, each of which was expected to be found. Class I had two members (T6 and T19) which were proficient for mating and meiosis and had no obvious defects in chromosome segregation but produced a high frequency of inviable spores. The four members of class II (T1, T14, T15 and T18) exhibited a significant decrease in meiotic proficiency and hence a lower spore yield, but among those asci that were formed, chromosome partitioning was apparently normal. Transformants of class I and class II were expected because the primary screen sought candidates which produced a lower titer of viable spores (per unit volume) than wild-type cells. There were five class III transformants (T4/scm1, T8/scm2, T11/scm3, T13/scm4 and T16/scm5) which displayed the desired mutant phenotype. These mutants were proficient for mating and meiosis but exhibited significant defects in meiotic chromosome segregation and slightly reduced spore viability. Class IV transformants (11 isolates) were 'weeds' which failed to pass any of the secondary screens. These were expected based upon the normal distribution (Poisson) because the primary screen was a pseudo-quantitative assessment that scoredcandidates as'positive'iftheydifferedafew-fold invalue from wild-type cells (see Materials and Methods).
Previous screens for meiotic hyporecombination mutants of fission yeast led to the discovery of meiotic cohesins (e.g. Rec8) and the key meiotic recombinase Rec12 (Spo11) (6) (7) (8) (9) 19, 29, 30) . For this reason, and because crossover recombination structures (chiasmata) have an important role in aligning bivalents on the metaphase plate of meiosis I (1), most mutations known to affect meiotic chromosome segregation also affect recombination (31) . We reasoned that there are likely many processes other than pairing and recombination that are required for proper segregation of chromosomes in meiosis. Our approach therefore sought missegregation mutants without regard to recombination status, and the five scm mutants obtained have wild-type (or higher) levels of recombination, suggesting that they define a largely unexplored class of genes required for meiotic chromosome dynamics.
For this study our goal was to analyze a number of mutations that would correspond to hits at 10% of the coding regions in the genome. The S.pombe genome has an average gene density of 0.56 and contains 4824 coding regions (32) . We therefore set a lower limit for our analysis at 861 stable transformants. Because some of the transformants were unstable, we increased proportionately the total number of Ura + colonies to be screened. Five scm mutants were obtained and their respective recessive mutations defined five complementation groups. Based upon the numbers of transformants screened and number of mutants obtained, a saturating screen could identify $50 genes of this class and, as described above, many of those genes would likely affect processes other than cohesion, pairing and recombination.
Because the ura4 + DNA was located at a single locus in each transformant, we expected that we could easily use inverse-PCR and DNA sequencing to identify the mutated loci ( Figure 6A) (18, 26) . However, none of the mutants yielded data on DNA sequence flanking the integrated transgene, despite extensive efforts to optimize conditions for inverse-PCR. We therefore applied a variety of techniques to reveal the molecular basis for this finding.
Of the 22 ura4 + transgene loci that we examined 19 harbored concatomeric arrays with variable-length truncations of repeats and the remaining 3 loci were refractory to inverse-PCR (Figure 6 ). At least two of those three refractory loci also harbored concatomers, because there were multiple copies of internal ura4
+ DNA (Table 6 ) at a single site in the genome of each respective mutant ( Figure 5 ). We conclude that electroporation-mediated, nonhomologous integration of DNA in fission yeast is accompanied by exonucleolytic processing and end-joining.
Transformant T1 was unique in that it had experienced endjoining ( Figure 6 ) but harbored only a single copy of the small region of ura4 + (within the open reading frame) that was used for quantitative PCR (Table 6 ). This suggested that intramolecular ligation might have generated a circular DNA molecule that integrated by a single-exchange, nonhomologous recombination mechanism. If so, transformation with nonreplicating circular DNA might prove useful to generate singlecopy insertion events. However, when we tested this hypothesis, we found that circular DNA molecules transformed with <1% of the efficiency of linear DNA molecules (data not shown). Thus, while we cannot disprove that T1 arose by integration of circular DNA, the efficiency of such transformation is too low to be of utility for insertional mutagenesis.
Insertion points of fission yeast transgenes generated by chemical transformation have been identified by inverse-PCR (18) . This would seem to differ from our results following electroporation, where all informative transformants harbored concatomeric transgenes that are refractory to inverse-PCR. However, in the chemical method, transformants that failed to generate inverse-PCR products or that gave complicated patterns of inverse-PCR products were also observed, but their frequencies were not reported and those transformants were set aside without further characterization (18) (G. Chua and P. Young, personal communication). Others studies have also reported that transformants generated by the chemical method are refractory to analysis by inverse-PCR (33), but such failures are, understandably, seldom reported in the literature. We therefore used email to contact members of the fission yeast community in order to share our findings, to ask whether anyone had similar difficulties, and to seek advice. All respondents reported encountering difficulty when attempting to use inverse-PCR to identify transgene integration sites. Thus, available evidence suggests that transgenic loci of fission yeast are often refractory to analysis by inverse-PCR, regardless of the method used for transformation. Our finding that the transforming DNA forms concatomers explains why inverse-PCR often fails. This urges caution in the design of experiments using insertional mutagenesis-alternative approaches might be configured in such a way as to reduce concatomerization during transformation or to permit recovery of unique DNA flanking concatomeric transgenes (17) .
CONCLUSION
Mutagenesis of S.pombe by electroporation-mediated, nonhomologous integration of a dominant, selectable marker gene is a useful tool for generating single-locus mutations linked to the transforming DNA. A direct, two-step screen revealed five complementation groups of mutations (scm1-scm5) that affect segregation of chromosomes in meiosis, suggesting that a saturating screen of this type could identify $50 scm loci. The utility of the mutagenesis approach is mitigated by the formation of concatomers of the transforming DNA, which renders mutant loci refractory to inverse-PCR to identify the genes of interest.
